Abstract. Light-emitting diodes (LEDs) are a potential irradiation source for intensive plant culture systems and photobiological research. They have small size, low mass, a long functional life, and narrow spectral output. In this study, we measured the growth and dry matter partitioning of 'Hungarian Wax' pepper (Capsicum annum L.) plants grown under red LEDs compared with similar plants grown under red LEDs with supplemental blue or far-red radiation or under broad spectrum metal halide (MH) lamps. Additionally, we describe the thermal and spectra1 characteristics of these sources. The LEDs used in this study had a narrow bandwidth at half peak height (25 nm) and a focused maximum spectral output at 660 nm for the red and 735 nm for the far-red. Near infrared radiation (800 to 3000 nm) was below detection and thermal infrared radiation (3000 to 50,000 nm) was lower in the LEDs compared to the MH source. Although the red to far-red ratio varied considerably, the calculated phytochrome photostationary state (φ) Spectral quality can have profound effects on the growth, development, and physiology of plants (Sage, 1992; Smith, 1982) . The effects of red and far-red radiation on plant growth and development constitute much of the focus of past and current research (Britz and Sager, 1990; McMahon et al., 1991; Rajapaske et al., 1992) . Radiation in the blue region of the spectrum is also of critical importance to plant growth and morphology (Barnes and Bugbee, 1992; Senger, 1984; Wheeler et al., 1991) . Brown, 1995) , stem elongation and leaf expansion in lettuce (Hoenecke et al., 1992) , disease development in pepper and cucumber (Schuerger and Brown, 1994) , and photosynthesis research with kudzu (Tennessen et al., 1994) .
Spectral quality can have profound effects on the growth, development, and physiology of plants (Sage, 1992; Smith, 1982) . The effects of red and far-red radiation on plant growth and development constitute much of the focus of past and current research (Britz and Sager, 1990; McMahon et al., 1991; Rajapaske et al., 1992) . Radiation in the blue region of the spectrum is also of critical importance to plant growth and morphology (Barnes and Bugbee, 1992; Senger, 1984; Wheeler et al., 1991) . Brown, 1995) , stem elongation and leaf expansion in lettuce (Hoenecke et al., 1992) , disease development in pepper and cucumber (Schuerger and Brown, 1994) , and photosynthesis research with kudzu (Tennessen et al., 1994) .
Because of their small mass, volume, solid state construction and long life, light emitting diodes (LEDs) hold promise as a radiation source for intensive plant culture systems, such as spacebased research chambers or bioregenerative life support systems (Barta et al., 1992; Bula et al., 1991; Hoenecke et al., 1992; Schuerger and Brown, 1994) . Due to their wavelength specificity and narrow bandwidth, LEDs also have been usedrecently in many areas of photobiological research. To date, LEDs have been used for studies on chlorophyll biosynthesis in wheat (Tripathy and Several plant species have been successfully cultured under LEDs, including lettuce (Brown and Schuerger, 1993; Bula et al., 1991; Hoenecke et al., 1992) , pepper, cucumber (Schuerger and Brown, 1994) and tomato (unpublished data). LEDs can support wheat growth throughout an entire life cycle C. Brown, unpublisheddata) . However, terrestrial plants have evolved under a wide spectrum of light. Therefore, it is of critical importance to determine if red LEDs alone or combined with other wavelengths or sources of light can support the normal growth and development of plants.
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The objective of this study was to quantify the growth and dry matter partitioning of pepper plants grown under a narrow bandwidth red LED light source compared to plants grown under red LEDs supplemented with blue or far-red light, or under a broad spectrum metal halide light source. We also describe the spectral and thermal characteristics of these radiation sources in relation to the growth of the plants. These types of studies are important for understanding plant responses to artificial lighting systems in tightly controlled plant growth systems and the use of LEDs as a radiation source for plant research and biotechnology.
Materials and Methods
Plant material and cultural conditions. Seeds of 'Hungarian Wax' pepper (Capsicum annuum) were germinated and seedlings were grown under 400-W metal halide (MH) lamps (ETAC-400-MH-CH, Energy Technics, York, Pa.) at 250 µmol·m -2 ·s -1 photosynthetic photon flux (PPF) for 21 days. Seedlings were transplanted into polypropylene tanks containing 4 liters of hydroponic nutrient solution (Schuerger and Mitchell, 1992) and placed under the MH lamp or three types of LED arrays all set at 300 µmol·m -2 ·s -1 PPF with a 12-h photoperiod. PPF was maintained at this level by adjusting the distance to the top of the plants relative to the light source. PPF was measured at the top of the plants using a quantum sensor (LI-189; LI-COR, Lincoln, Neb.). One array supplied red light at 660 nm (660) using red LEDs (3009A001; Quantum Devices, Barnveld, Wis.), another supplied red and farred light at 660 and 735 nm (660/735) using red supplemented with far-red LEDs (3009A002, Quantum Devices Inc.) and the third supplied red light at 660 nm from red LEDs supplemented with blue light (660/BF) from blue fluorescent lamps (BF6 165-12; JKL Components Corp., Paccoima, Calif.). The LED arrays contained 1344 LED units mounted in a 0.42-m 2 ventilated enclosure. The MH lamp was housed in a luminaire above a 3 cm deep, open deionized water barrier supported by a 6.3-mm-thick tempered glass plate. The water temperature was maintained at 25C by recirculation through a water chiller (Lauda RMS-20; Brinkmann Instruments, Westbury, N.Y.). The nutrient solution was continuously aerated and pH was adjusted daily to 5.5 with 0.02 N HNO 3 or 0.02 N KOH. The electrical conductivity of the nutrient solution was 1700 µS·cm -1 . Fresh nutrient solution was added daily to replenish evapotranspirative loss. Temperature was maintained at 23 to 26C for the aerial environment and 21 to 23C for the root zone environment. Relative humidity remained between 50% to 65% throughout the experiment. Source characteristic measurements. Spectral scans from 300 to 1100 nm were taken (at equal PPF) with a spectroradiometer (LI-1800; LI-COR). Energy and photon flux integrals were derived from this data. Radiation measurements from 800 to 3000 nm (near infrared) were made with a PSP pyranometer (The Eppley Laboratory, Newport, R.I.) with a Schott cut-on filter at 805 nm. Radiation from 3000 to 50,000 nm (thermal infrared) was made with an Eppley PIR pyrgeometer with a silicon cut-on filter at 3000 nm.
Plant growth measurements. Plant growth and morphogenesis were compared. The number of leaves and the length of stems were determined at 7, 14, and 21 days after transfer into the different light treatments. At 2 1 days after transfer, plants were harvested for measurements of leaf, stem and root dry mass, leaf DM/area and total leaf area.
The experiment was conducted four times with three replicate plants per repetition of the experiment (n = 12). Statistical analyses were conducted with the Statistical Analysis System (SAS Institute, Cary, N.C.). Plant growth data were subjected to analysis of variance followed by protected Fisher's least-squares mean separation tests (P ≤ 0.05). 
Results
Source characteristics. The LEDs used in this study had narrow spectral outputs (25 nm band width at half peak height) and the photon flux in each waveband was distinct for each of the three arrays (Fig. 1) . The narrowly distributed spectra of the LEDs were in contrast to the broad spectrum MH lamps used as the control source (Fig. 1A) . The MH lamps had 20% of the PPF at 400 to 500 nm, 56% at 500 to 600 nm, and 24% at 600 to 700 nm. The 660/BF array supplied 99% of the total PPF between 600 and 700 nm and was centered at 660 nm (Fig. 1B) . The blue fluorescent lamps supplied 1% of the total PPF (3/3 14 µmol·m -2 ·s -1 ) in the blue region of the spectrum (400 to 500 nm). The 660 array supplied 99.5% of the PAR between 600 and 700 nm and was centered at 660 nm (Fig.  1C) . The 660/735 array supplied all of the PPF between 600 and 700 nm (centered at 660 nm) and had 10 W m-2 (59 µmol·m -2 ·s -1 ) between 700 and 800, which was centered at 735 nm (Fig. 1D) . The ratio of PPF to total irradiance (µmol·m -2 ·s -1 /W·m -2 ) at 400 to 700 nm) was higher for all LED arrays (5.5) compared to the MH lamps (4.6), which indicates a source with a high proportion of red irradiation.
It was necessary to use the water barrier (1 to 2C cooler than ambient air temperature) with the MH lamps to maintain the aerial temperature around the plants. The spectral data (Table 1) show that the contribution of the MH lamps in the near-infrared (800 to 3000 nm), even with the cooled water barrier, is higher than the LED sources. The water barrier actually acted as a radiation sink and reduced the thermal infrared (3000 to 50,000 nm) to -8 W·m -2 . Without the water barrier, the thermal radiation was 56 W·m -2 . The higher thermal contribution of the 660/BF source compared to the other lamp treatments was attributed to the warmer fluorescent lamps in that array. The yield photon flux (YPF), the weighted photosynthetic value of all photons from 360 to 760 nm (Sager et al., 1988) , and the photosynthetic photon flux (PPF, 400 to 700 nm) are shown for each array and the MH lamps. The lower relative weighting of the blue (400 to 500 nm) and green (500 to 600 nm) reduced the YPF relative to the PPF for the MH lamp (Table 1 and Barnes et al. 1993) . The phytochrome photostationary state (φ), calculated according to Sager et al. (1988) , showed no marked difference between the radiation sources. The red to far-red ratio (R:FR) of the MH and 660/735 sources were 3.0 and 5.0, respectively, whereas the LED arrays without a far-red component had R:FR values >100.
Plant growth characteristics. At the time of seedling transfer (21 days after planting) to the light treatments, the plants were 6 to 8 cm long and had two to four partially expanded true leaves. Pepper plants that remained under MH illumination had significantly greater biomass than plants transferred and grown under any of the LED arrays (Fig. 2) . Plants grown under 660 or 660/735 had significantly lower leaf, root, and whole-plant dry mass than the 660/BF-grown plants, which in turn were lower than the MHgrown plants. The mean stem dry mass of the 660-grown plants was significantly less than from any other treatment.
The 660/735-grown plants partitioned more dry mass into stem tissue than plants from the other light treatments, resulting in a significantly lower leaf/stem dry mass ratio (Table 2 ). Due to the differences in root and leaf dry weights as a result of the light treatments, the increased partitioning into stem tissue did not result in a pronounced difference in shoot/root ratio, although the 660/ 735 plants showed a significantly greater shoot/root ratio than the MH plants (Table 2) . Leaf DM/area (g·m -2 ) of photosynthetically competent leaves was greater in MH plants than in the LED-grown plants. The 660/BF plants had a lower leaf DM/area for photosynthetically active leaves than the MH plants but were significantly greater than the 660 or 660/735 plants. Compared to the 660-grown plants, blue light in the 660/BF treatment resulted in a significant increase of 26% in total leaf area. The whole-plant dry/fresh mass ratio was significantly greater in the MH plants than the 660/BF or 660/735 plants. The 660 plants had the lowest dry/fresh mass ratio.
The number of leaves per plant was not different between light treatments until 21 days after transfer (Fig. 3A) . At that time, the plants that received blue light (either MH or 660/BF) had significantly more leaves than the plants that were grown under red or red plus far-red light. Differences in stem length were evident as early as 7 days after transfer and became progressively greater (Fig. 3B) . At 21 days after transfer, the 660/735-grown plants were 90% taller than the MH control plants. The 660-and 660/BF-grown plants were 32% and 19% taller, respectively, than the MH control plants.
Discussion
Red LEDs have been proposed for short-or long-term plant culture (Barta et al., 1992; Bula et al., 1991) . Results of the present study support this and indicate that LEDs alone or combined with other sources may be used in controlled-environment plant-growth systems, but the spectral effects on plant growth and development must be carefully examined. This study demonstrates the versatility of LEDs for photosynthetic and photobiological research due to their specific spectral output and potentially high PPF output. Red LEDs, with output at 660 nm (such as used in this study) supply wavelengths that correspond to the maximum absorbance of chlorophyll (McCree, 1972) . In other words, although the electrical efficiency of LEDs is similar to, or less than, conventional lamps for plant growth (M. Turner, personal communication), all the spectral output is potentially useful to drive photosynthesis. With LEDs, this is coupled with a low amount of IR radiation, i.e., heat load on the plant canopy. This is particularly important as it removes the need for barriers between the radiation source and the plants, which can attenuate the PPF reaching the leaf surface. They also offer the advantage of many combinations of red and far-red light. The important blue light component can be added using LED technology with the recent development of high-output blue LEDs. This technology should be suitable as a light source in a plant production system, particularly considering the long lifetime of LEDs compared to conventional arc discharge or incandescent lamps (Barta et al., 1992) . However, plant responses to the relatively narrow-band output of LED-tailored spectra are not clear. For example, it has been shown that quantum sensors underestimate PPF delivered from red LEDs compared to MH lamps (Barnes et al., 1993) . In the present study, we maintained equivalent PPF levels (as measured with the quantum sensor). If this were an underestimate of the actual PPF, then the expectation might be increased biomass in the red LED-grown plants relative to the MHgrown plants due to greater actual light intensity to drive photosynthesis. However, plants grown in the 660 treatment had lower overall dry mass than the MH control plants. This could be due to a lower relative CO 2 assimilation rate of leaves grown under red LEDs (unpublished data).
Past studies have examined the role of far-red and blue light in a broad spectral background on plant development (Barnes and Bugbee, 1992; Britz and Sager, 1990; Hoenecke et al., 1992; McMahon et al., 1992; Rajapaske et al., 1992 Rajapaske et al., , 1993 Tibbitts et al., 1983; Wheeler et al., 1991) . These studies used sources with different relative amounts of far-red and blue light as the experimental treatment. The present study using LEDs allows us to examine spectral sources with and without precisely defined amounts of supplemental blue or far-red light. Our results show that pepper plants grown under red LEDs require supplemental radiation, especially in the blue region of the spectrum, for normal growth and development. Plants grown under the 660 or 6601735 treatments were similar in some respects to plants grown under red-biased light sources such as high-or low-pressure sodium lamps (Britz and Sager, 1990; Warrington and Mitchell, 1976) . For example, plants in this study under LED radiation had longer stems, increased shoot/root ratio (particularly in the 6601735 treatment) and lower leaf dry matter (DM)/area. Only a very low x DM of the first fully expanded leaf. amount of supplemental blue radiation (3 µmol·m -2 ·s -1 or 1% of the total PPF) was necessary for the number of leaves and leaf/stem dry mass ratio to be equal to the plants grown under the broadspectrum MH lamps (63 µmol·m -2 ·s -1 or 21% of the total PPF as blue). The 660/BF treatment resulted in greater total plant leaf area (12% greater) than the MH-grown plants. This agrees with Britz and Sager (1990) , who found that leaf area was lower in soybean plants grown under daylight fluorescent lamps, which are rich in blue light compared to low-pressure sodium lamps, which have low but measurable amounts of blue light. The small amount of blue light in the 660/BF treatment partially mitigated the adverse impact of red light in other measured parameters of growth including leaf, stem, root, and whole-plant dry mass; dry/fresh mass ratio; stem length; and leaf DM/area. Of all the growth parameters reported, only the shoot/root dry mass ratio was not influenced significantly by the addition of blue light to the red LED radiation.
Extensive research has been conducted on the influence of light quality, particularly the ratio of red to far-red light (R : FR), on plant growth and photomorphogenesis (Sage, 1992; Smith, 1982) . LEDs, with their narrow band width and easily manipulated mixture of wavelengths, are an excellent light source with which to conduct photobiological research. Of particular interest is the increase in stem elongation (Rajapaske et al. 1992 (Rajapaske et al. , 1993 Smith, 1982) and stem dry mass (Hurd, 1974) of plants grown in reduced R : FR, such as might be found in shade. This response has been attributed to a reduced phytochrome photostationary state (φ). In these reports, the amount of blue light remained constant. In the present experiment, blue light levels varied and the resultant R : FR effect on stem growth was different. )or660(R: FR= 148, φ =0.88, bluelight = 0). This suggests that small changes in blue light can result in changes in stem growth that do not fit the correlation of stem growth with φ. Therefore, R : FR responses of plants must be taken in context with the absolute spectral output of the source in each wavelength range and not just the ratios of the spectral output within a limited wavelength range. Our results also agree with the suggestions of others Rajapaske et al., 1992; Wheeler et al., 199 1) that blue light or the interaction of blue and other wavelengths are critical in determining photomorphogenic response.
